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Abstract: The occurrence of a vortex at an intake may lead to air-entrainment and reduce the discharge rate through the intake.
Entrained air entering the high-speed penstock flow may cause serious damage to either the water conveyance system or the
turbines in the hydropower station. As the submergence at the intake decreases, the vortex increases in power. At the critical
submergence, the rotational velocity of the vortex reduces the pressure at the centre of the vortex sufficiently to result in a lowering
of the water surface and the formation of an air-core that, at the limit, allows air to enter the intake. In this experimental research,
the effect on the critical submergence of the intake shape and of geometrical parameters (length, height, mesh solidity and
perforation diameter) of a cross-vane vortex inhibitor have been studied. Comparing the experimental results to a vertical pipe
intake indicated that the critical submergence is somewhat reduced for an ogee-shape intake at low flow rates, and that the ogee
intake with a cross-vane vortex inhibitor significantly reduces the critical submergence, and the reduction increases as Froude
number decreases (for Fr = 0.5 to 3.2) with little dependence of the geometry of the cross-vanes (within the parameter range
studied).
Keywords: Vortex, critical submergence, anti-vortex devices, vertical intake, ogee-shape intake, cross-vane vortex inhibitor.

1.

Introduction

Dams are built to create reservoirs for use in hydropower, irrigation, drinking water supply and supply for industrial
systems. Intake structures collect and convey the water to an outlet or a hydropower system through a penstock. The
hydraulic performance of the intake structure plays an important role in determining the flow rate in the water
conveyance systems. Sedimentation, surface waves and vortices can adversely affect the intake performance and may
even endanger other parts of the water conveyance system. Vortices forming at the intakes can cause performance
problems such as vibrations, air-entrainment and a reduction of the discharge rate of the intakes, thus motivating
research on inhibiting intake vortex formation. Critical submergence, SC, is defined as the minimum distance between
the free surface and the intake mouth at which air-entrainment does not occur. If the intake submergence, or the head
of the water at the intake, is less than SC, it is probable that a strong air-core vortex develops, which may entrain debris
and air pockets into the water conveyance system. It is, therefore, critical to maintain a submergence greater than the
critical submergence year-round; a more challenging task during the dry season. Thus, prevention of or decrease in
vortex formation is sought. A common solution is to use anti-vortex devices or vortex inhibitors to decrease the value
of SC. According to the vortex classification of Hecker (1987), vortices can be divided into six different categories
(Figure 1) ranging from the swirling of a coherent water surface to a fully developed air-core vortex. Hecker’s
classifications, VT5 and VT6, are the vortices which can entrain air bubbles and air pockets into the intake structure
and therefore occur at submergences greater than critical submergence. Critical submergence occurs at classification
VT4. Most of the previous research has considered VT5 as the critical vortex while the critical vortex is defined as
the strongest vortex which has no air entrainment.
Previous research on vortices can be divided into two different topics: 1) studies on the vortex structure and hydraulic
characteristics of the vortex flow (Rankine (1858), Odgard (1986), Rosenhead (1930), Mih (1990), Levi (1991), Hite
& Mih (1994), Chen et al. (2007), Li et al. (2008), Wang et al. (2011a), Suerich-Gulick et al. (2014), Cristofano et al.
(2014), Sun and Liu (2015) and Rudolf and Klas (2015)), and 2) discharge specifications, critical submergence and
anti-vortex devices in the vortex flows ((Daggett and Keulegan (1974), Jain et al. (1978), Anwar and Amphlett (1980),
Gulliver et al. (1986), Yildirim and Kocabas (1995), Borghei and Kabiri Samani (2003), Sarkardeh et al. (2010),
Tastan and Yildirim (2010), Wang et al. (2011b), Naderi et al. (2013, 2014), Yang et al. (2014), Tastan (2016), Hashid
et al. (2015), Shemsi and Kabiri-Samani (2017) and Gao et al. (2018)).

Figure 1. Types of vortices.

More general experimental studies using physical models were conducted up to 40 years ago while the majority of
recent studies have been undertaken to solve particular prototype problems in hydropower plants or pump stations.
Under such conditions, implementing a comprehensive set of experiments can establish some guidelines for design
engineers. Table 1 presents selected examples of such guidelines.
Table 1. SC prediction formulas as a function of intake Froude number.
Researcher
Berge (1966)
Reddy and Pickford (1972)
Rindels and Gulliver (1983)
ASCE (1995)
Moller (2013)

Formula
𝑆𝐶
= −0.25 + 3.3 √𝐹𝑟
𝐷
𝑆𝐶
= 1 + 𝐹𝑟
𝐷
𝑆𝐶
= 1.7 𝐹𝑟
𝐷
𝑆𝐶
= 1 + 2.3 𝐹𝑟
𝐷
𝑆𝐶
= 5.3 − 2.5 𝐹𝑟 −0.45
𝐷

Comment
D and Fr are intake diameter and
Froude number respectively

Bellmouth intakes only
When the potential for vortex
occurrence is high.
0.26 ≤ Fr ≤ 1.2

Naderi (2013) demonstrated that the bell-mouth intake concentrates the vortex as it enters the intake due to a reduction
in the intake diameter at lower elevations. Naderi (2014) indicated that combining bell-mouth intakes with vertical
anti-vortex plates not only increases the discharge coefficient of the intake but also decreases the critical submergence.
Hashid et al. (2015), through experimental studies on horizontal bell-mouth intakes, introduced the ’Sensitivity
Parameter’ of intakes that quantifies the increasing sensitivity of the performance of intakes at lower flow rates.
Based on Borghei and Kabiri-Samani (2010) and Naderi (2013 & 2014), anti-vortex devices are essential for
eliminating the rotational flow effects on the intake structure and discharge coefficient and for reducing the critical
submergence, SC. In this study, an ogee-shaped bell-mouth intake was investigated and chosen due to its acceptable
performance at lower discharge rates. A parameter study of the ogee-shaped intake combined with a cross-vane vortex
inhibitor, with a range of geometrical parameters (length, height, solidity and perforation diameter of the vanes), was
used to determine the optimum combination over a range of flow rates (intake Froude numbers) with the aim of
providing basic guidelines for engineering projects.

2.

Experimental Equipment, Methodology and Dimensional Analysis

Flume experiments of a uniform approach flow to a vertical intake were undertaken in the hydraulics laboratory of
the University of Tabriz. The flume consisted of a short straight section 1 m long and 1 m wide followed by a semicircular end section of 1 m diameter. The vertical intake of 0.4 m height and 70.4 mm diameter (D) was placed

centrally at the end of the straight section or, equivalently, at the origin of the semi-circular end section as shown in
Figure 2. To provide a uniform and steady approach flow, a constant head tank (with an overflow) supplied the flume
via a vertical diffuser pipe located behind a 0.1 m thick sand screen and 0.2 m from the upstream end of the flume.
The flow into the intake was conveyed to a downstream flume, where the discharge was measured using a V-notch
weir. The water depth in the test chamber and just upstream of the V-notch weir (at locations noted in Figure 2) was
measured with ultrasonic water level meters at 4 Hz. Side wall and bed friction effects on the vortex flow in the
experimental model was negligible due to a clearance of 7D and 6D, respectively (meeting the criteria of > 4D, Anwar
et al. 1978).

(a)

(b)

Figure 2. Schematic diagrams (a) side view of the experimental set-up; (b) plan and side views of the test chamber.

A parametric experimental study of the critical submergence at an ogee-shaped intake mouth with and without a crossvane vortex inhibitor was undertaken and compared to that for a simple pipe intake. The ogee-shaped intake mouth
(mounted on the pipe intake) had a height 35 mm as shown in Figure 3 (a). The crossed vane vortex inhibitor was
made of perforated vertical plates fixed cross-wise on top of the intake mouth as shown in Figure 3 (b). The vertical
plates were made of aluminum whose length, height and perforation diameter varied from 2 to 2.5D, 0.25D to D, and
0.08D to 0.11D, respectively. The perforations were uniformly distributed and resulted in a plate solidity of 0.65 and
0.58 for the perforations of 0.08D and 0.11D, respectively. The experimental parameters tested are shown in Table 2.
As the aim of the experiments was to determine the critical submergence, an experimental flow was established with
a steady, stable critical vortex (defined as just prior to air-entrainment occurring, VT4). This was achieved by setting
the submergence level in the test chamber by controlling the flow at two sections: 1) between the constant head tank
and the flume using a butterfly valve to control inflow, 2) under the test chamber downstream of the vertical intake
using a guillotine valve to control outflow. For each of the 640 experiments, the discharge rate was set and the
submergence adjusted until a steady, stable vortex was produced. Once the vortex was stable for 15 minutes, the
hydraulic parameters (discharge and submergence) were recorded. It was considered important for the vortex to be
steady to scale the results up to the prototype scale. This differs from previous works in which an unsteady vortex was
created under either increasing or decreasing submergence conditions, and whose results may have limited application
to prototype vortices (Azarpira et al. 2014, Yang et al. 2014, Monshizadeh et al. 2017, Sarkardeh 2017, Shemsi and
Kabiri-Samani 2017). In some of the studies reported in the literature, the conditions used to establish the vortex are

not described clearly. For example, Shemsi and Kabiri-Samani (2017) have conducted 400 sets of experiments
studying swirling flows using the PK-shaped intake mouth without precisely stating their method of recognizing the
critical vortex.
Table 2. Test variables.
Parameters
(Unit)

Intake mouth

Discharge rates (Q, l/s)

Perforation diameter of
vertical meshed vanes (di)

Values

Simple, Ogeeshaped

2 – 10 (36 different
flow rates)

d1=0.11D, d2= 0.08D

Dimensions of vertical
meshed vanes (LP*HP)
2D×D/4, 2D×D/2, 2D×D
2.5D×D/4, 2.5D×D/2,
2.5D×D

Figure 3. (a) Dimensions of ogee-shaped intake mouth; (b) Cross-vanes: vertical perforated plates.

Dimensional analysis can be used to determine the important dimensionless parameters in this experimental study.
The vortex formation is determined by the geometry of the intake and the cross-vane vortex inhibitor (D, LP, HP, d),
the flow conditions (V, g, Γ), and the fluid properties (ρ, μ, σ). The critical submergence, SC, for the present study can
therefore be expressed by the following equation:
S𝐶 = 𝑓1 (ρ, μ, σ, g, V, D, 𝛤, 𝐿𝑃, 𝐻𝑃, 𝑑)

(1)

Where, 𝜌, 𝜇, 𝜎, 𝑔, 𝑉 and 𝛤 are density, dynamic viscosity and surface tension of water, acceleration due to gravity,
discharge velocity and initial circulation. Using Buckingham Π Theorem, a functional equation for the dimensionless
critical submergence can be written as:
S𝐶
𝐷

= 𝑓2 (Re =

𝜌𝑉𝐷
𝜇

, Fr =

𝑉
√𝑔𝐷

,K =

𝛤
𝑉𝐷

, 𝑊𝑒 =

𝜌𝑉 2 𝐷 𝐿𝑃 𝐻𝑃 𝑑
𝜎

,

𝐷

,

𝐷

, )
𝐷

(2)

Where Re, Fr, K and We are the intake Reynolds number, intake Froude number, intake Kolf number and intake Weber
number, respectively. The circulation is dependent on the Froude number, the vortex chamber geometry, and the
approach flow conditions (Sarkardeh et al. 2010). The Kolf number depends on the value of the intake discharge, the
tank geometry, and the approach geometry (Zaloglu 2014). Based on Sarkardeh et al. (2010) and Zaloglu (2014), Kolf
number effects can be omitted because the vortex test tank and intake geometry were constant during the experiments
and did not impose any circulation. It should be mentioned that the neglected Kolf Number is related to induced
circulation and not the natural circulation of the flow. The Weber number and Reynolds number can be neglected if

the experiments are conducted at sufficiently high Re and We numbers above the criteria identified in Table 3 such
that viscosity and surface tension are negligible.

Table 3. Range of Weber and Reynolds numbers recommended so that the effect of the surface tension and viscosity can be
neglected.
Researcher
Daggett & Keulegan (1974)
Anwar et al. (1978)

Re
Re≥ 3 × 103
Re≥ 104

We
We ≥ 120
We ≥ 100

Neglecting the Kolf, Reynolds and Weber numbers, Equation (2) reduces to:
S𝐶
𝐷

3.

= 𝑓3 (Fr,

𝐿𝑃 𝐻𝑃 𝑑
𝐷

,

𝐷

, )

(3)

𝐷

Experimental Results and Analysis

The performance of the ogee-shaped intake with and without the cross-vane vortex inhibitor will be compared to the
experiment of the simple pipe intake and three predictive equations (Berge 1966, ASCE 1995, Moller 2013). The
experiments were performed at values of Reynolds number and Weber number above 31740 and 158, thus meeting
the criteria required to neglect them. Figure 4 presents the results of the simple pipe intake experiments and compares
them to the three equations from Table 1 above.
9
Simple Intake
Berge (1966)
ASCE (1995)
Moller (2013)
Eq. (4)
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Figure 4. Dimensionless submergence versus Fr for the simple pipe intake.

The data and predictive equations demonstrate that critical submergence, SC, increases as a function of Froude number,
Fr. The differences between the present study and the predictive equations from the literature could be explained by
the exact definition of critical submergence (i.e. with or without air-entrainment) and due to differences in intake
diameter or tank geometry. A best fit empirical equation for the critical submergence of the current simple intake (with
its defined geometry) as a function of Froude number only, having coefficient of determination (R2) of 0.96 is:
S𝐶
𝐷

= 3 Fr 0.248

(4)

Eq. (4) is valid within the experimental range of 0.62 ≤ Fr ≤ 3.0. Experiments over the same range of flow rates with
an ogee-shaped intake are presented in Figure 5. The ogee-shaped intake reduces the critical submergence at lower

Froude numbers (Fr < 1.2) or equivalently lower discharges. A best fit equation for critical submergence, SC, for an
ogee-shaped intake based on Froude number, Fr, having a R2 of 0.89 is:
S𝐶
𝐷

= 2.67 Fr 0.416

(5)

Eq. (5) is valid within the experimental range of 0.75 ≤ Fr ≤ 2.6. A function of performance variable is defined in Eq.
(6) to assess the reduction in the critical submergence relative to the base case of the simple intake.
𝑓(𝑃)% =

(

S𝐶

S
) −( 𝐶 )𝑛
𝐷 𝑖
𝐷
S𝐶
( )𝑖
𝐷

× 100%

(6)

𝑆

Where 𝑓(𝑃) is the function of performance (%) and ( 𝐶 )𝑖 is the normalized critical submergence of the simple intake
𝐷

S

and ( 𝐷𝐶 )𝑛 is the normalized critical submergence being compared. The average performance of an ogee-shape intake
over the Froude number range of 0.62 to 3.0 is 5.5% (i.e. a reduction of critical submergence of 5.5%) as shown in
Figure 5.
4.5

20

4
15
3.5
3

10

SC/D

5

1.5

0

f(P)%

2.5
2

Eq. (4) - Simple intake
Ogee-Shape
Eq. (5) - Ogee-shaped intake
f(P) %

1
0.5

-5

0

-10
0

0.5

1

1.5

Fr 2

2.5

3

3.5

Figure 5. Dimensionless critical submergence and functional performance of an Ogee-shaped intake versus Fr compared to the
simple intake.

A cross-vane vortex inhibitor with a range of lengths, heights and perforation diameters was investigated to determine
its effect on the critical submergence of the ogee-shaped intake. The variation of the critical submergence as a function
of Froude number with lengths of 2D or 2.5D and heights of D/4, D/2, and D with a perforation diameter of 0.11D is
shown in Figure 6. Except at the highest Froude numbers (Fr > 2.5), the cross-vane vortex inhibitor reduced the critical
submergence values. Figure 7 presents the results for the same geometrical variation of the vortex inhibitor but with
perforation diameters of 0.08D. Both figures indicate that and ogee-shaped intake with cross-vane vortex inhibitor
also results in increasing critical submergence at increasing Froude number. When compared to the simple intake, the
critical submergence is increasingly reduced as the Froude number decreases below 2.5. The best fit equations for
subsets of data are provided in Table 4. Modifying the geometry of the cross-vane vortex inhibitor results in little
change to the general trend as shown in these equations, the functional performance values for each case at three
different Froude number ranges, and averaged over all Froude numbers; this is shown in Figure 8.
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Figure 6. Variation of SC/D versus Fr for different vertical meshed plates (di =0.11D); (a): LP=2D, (b): LP=2.5D.
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Figure 7. Variation of SC/D versus Fr for different vertical meshed plates (di=0.08D); (a): LP=2D, (b): LP=2.5D.

Table 4. Best fit equations for subsets of data.

Type of vertical meshed plates
(2D×D)-di=0.11D
(2D×D/2)-di=0.11D
(2D×D/4)-di=0.11D
(2.5D×D)-di=0.11D
(2.5D×D/2)-di=0.11D
(2.5D×D/4)-di=0.11D
(2D×D)-di=0.08D
(2D×D/2)-di=0.08D
(2D×D/4)-di=0.08D
(2.5D×D)-di=0.08D
(2.5D×D/2)-di=0.08D
(2.5D×D/4)-di=0.08D

Best fit equation

R2

S𝐶
= 0.99 Fr + 0.96
𝐷

0.9

S𝐶
= 1.15 Fr + 0.61
𝐷

0.93

S𝐶
= 1.1 Fr + 0.65
𝐷

0.9

S𝐶
= 1.2 Fr + 0.37
𝐷

0.87

A best fit empirical equation for the critical submergence of the ogee-shaped intake for all the subsets of data as a
function of Froude number only, having coefficient of determination (R 2) of 0.89, is:
S𝐶
𝐷

= 1.11 Fr + 0.66

(7)

Eq. (7) and all those of Table 4 are valid within the experimental range of 0.5 ≤ Fr≤ 3.2.
The vortex inhibitor is effective at reducing the critical submergence, particularly at lower Froude numbers, as it
reduces the critical submergence by 39%, 32% and 8% for the Froude number ranges of 0 to 1, 1 to 2, and 2 to 3,
respectively, as shown in Figure 8.
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Figure 8. Functional performance, f(P), versus Fr; (a): LP=2.5D, (b): LP=2D.

The effect of varying the geometry of the cross-vane vortex inhibitor is of the same magnitude as the experimental
variation. The average and variation in the data presented as subsets of data holding one vortex inhibitor parameter
constant is presented in Figure 9. Note that the standard deviation parameter, S.D., within a subset of data is of the
same magnitude as the variation between subsets of data. However, all geometric variation of the cross-vane vortex
inhibitor reduces the critical submergence greater than 20%.
30
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Simple
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LP=2.5D

LP=2D

HP=D

HP=D/2

HP=D/4

d(i)=d1

d(i)=d2

-10
Figure 9. Average f(P) for all the anti-vortex plates combined to the ogee intake versus Fr (Underlining S.D.).

The limitations of use for Eq. (6) are for the Froude number range of 0.5 ≤ 𝐹𝑟 ≤ 3.2 and for the following ranges of
𝐻𝑃
𝐿𝑃
𝑑
the geometrical parameters of the cross-vane vortex inhibitor: 0.25 ≤
≤ 1, 2 ≤ ≤ 2.5, 0.08 ≤ ≤ 0.11.
𝐷
𝐷
𝐷
Normalized critical submergence values were calculated using Eq. (7) and plotted versus those observed in Figure 10.
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Figure 10. Calculated critical submergence values versus observed counterparts.

4.

Conclusions

A parametric study was undertaken to investigate the effectiveness of a cross-vane vortex inhibitor on a vertical intake
with an ogee-shaped intake mouth in a uniform approach flow. The scaling criteria by past authors indicated that at
sufficiently high Reynolds and Weber numbers, the effects of viscosity and surface tension can be neglected. This
criterion was met in the experimental set up. Using dimensional analysis resulted in an equation for critical
submergence as a function of Froude number and three dimensionless parameters describing the geometry of the crossvane vortex inhibitor (length, height and perforation diameter of the vanes). A parametric study of the critical
submergence of a simple pipe intake, the ogee-shaped intake, and the ogee-shaped intake with vortex inhibitor was
undertaken for Froude number range of 0.5 ≤ Fr ≤ 3.2 and for the following ranges of the geometrical parameters of
𝐻𝑃
𝐿𝑃
𝑑
the cross-vane vortex inhibitor: 0.25 ≤
≤ 1, 2 ≤ ≤ 2.5, 0.08 ≤ ≤ 0.11. For all intakes, the critical
𝐷
𝐷
𝐷
submergence increased with increasing Froude number. The ogee-shaped intake resulted in a moderate reduction in
critical submergence compared to the simple intake at lower Froude number (with increased reduction with decreasing
Froude number). The cross-vane vortex inhibitor was effective at reducing the critical submergence for Froude
numbers less than 2.5 and was increasingly effective as Froude number reduced. The critical submergence was
insensitive to the range of the tested geometric parameters of the cross-vanes. An empirical equation was developed
to predict critical submergence as a function of Froude number for an ogee-shaped intake with a cross-vane vortex
inhibitor having the R2 value of 0.89.
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